Selective bond breaking of CO 2 in phase-locked o-2o two-color intense laser fields (l = 800 nm and 400 nm, total field intensity I B 10 14 W cm , the largest fragment asymmetry is observed when the relative phase f between the o and 2o laser fields is B0 and p. On the other hand, an increase of the asymmetry and a shift of the phase providing the largest asymmetry are observed at lower field intensities. The selective bond breaking and its dependence on the laser field intensity are discussed in terms of a mechanism involving deformation of the potential energy surfaces and electron recollision in intense laser fields.
Introduction
Light-matter interaction in the intense field regime (field intensity I B 10 14 W cm À2 ) drives a variety of interesting dynamics in molecules. 1, 2 It offers unique methods to soften or harden chemical bonds 3, 4 or to control the electron localization in the molecular frame 5 as demonstrated with H 2 + (D 2 + ) molecules. Since such molecular responses are determined by the property of the applied laser electric fields, intense-field coherent control is one of the most powerful approaches to manipulate photodissociation dynamics at the quantum level.
Coherent control in the intense field regime has been demonstrated with several approaches. In particular, pulse shaping techniques using a spatial phase modulator have been successfully applied to a variety of photochemical reactions, such as dissociation of Fe(CO) 5 , 6, 7 CpFe(CO) 2 Cl, 6, 8 acetophenone, 9 acetone and its derivatives, 9,10 bending of CO 2 , 11 and isomerization of 1,3-cyclohexadiene 12 as well as electron localization in heteronuclear diatomic molecules. 13 Combined with the genetic algorithm, the pulse shaping techniques allow optimization of a number of parameters, such as intensity, phase, and polarization of each wavelength component, to steer the system into a target reaction pathway. Two-color mixing is another interesting approach for the coherent reaction control, as demonstrated with various targets ranging from diatomic to polyatomic molecules. [14] [15] [16] [17] [18] [19] [20] For the two-color laser fields consisting of the fundamental (o) and the second harmonic (2o) fields, the laser electric field, F(t), may be expressed as
where À F o (t) and À F 2o (t) are the temporal envelopes of the fundamental and second harmonic fields with carrier frequencies of o and 2o, respectively. The relative phase, f, between the two laser fields determines the waveform of the laser electric fields. At f = 0 or p, the amplitude exhibits the largest asymmetry between the positive and negative sides, while it becomes symmetric at f = p/2 or 3p/2. Fig. 1(a) shows the schematic of the two-color laser electric fields at relative phases f = 0, p/2, and p. Although the number of controllable laser parameters is limited, one can vary the intensity and the relative phase of the two laser fields independently (and systematically) to elucidate underlying mechanisms of coherent control, which is important for a deeper understanding and an efficient control of chemical reactions.
In the present study, we focus on the directional fragment ejection from symmetric molecules in intense laser fields. shown that one of the two C-H (or C-D) bonds can be selectively cleaved by CEP locked 22, 23 or two-color intense laser pulses. 18 Recently, such bond breaking control has been demonstrated with CO 2 using two-color laser fields, 20 expanding the applicability of selective breaking of equivalent chemical bonds to heavier systems. For D 2 + , the asymmetric deuteron ejection is explained by laser-induced coherent coupling of electronic states. 5, 16, 19, 21, 24 Coherent superposition of s g and s u states with an appropriate phase localizes the electron between the equivalent deuteron sites to produce D + ion preferentially in one direction. On the other hand, different mechanisms are proposed for acetylene, such as coherent superposition of vibrational states 22 and laserassisted bond weakening. 23 In the former, it is proposed that a wavepacket formed by a CEP-dependent superposition of symmetric and anti-symmetric stretching vibrational states propagates on a field-free dissociative potential energy surface of acetylene dication, resulting in the directional ejection of H + . 22 In our previous study using two-color laser fields (pulse duration B100 fs), 20 25, 26 suggesting that the selective bond breaking in this long pulse regime is governed by laserinduced deformation of the potential energy surface.
Since molecular responses in intense laser fields are often highly non-linear, laser field intensity is an important control parameter as demonstrated in previous studies.
27 -29 Here we study the field intensity dependence of asymmetric Coulomb explosion of CO 2 for a deeper understanding of the mechanisms of selective breaking of the two equivalent C-O bonds in o-2o two-color intense laser fields (I B 10 14 W cm
À2
).
Experiment
The schematic of the experimental setup is shown in Fig. 1(b) . The output of a femtosecond Ti:Sapphire laser amplifier system (800 nm, 1 kHz) was introduced to an inline o-2o pulse generator. A b-barium borate (BBO, type I) crystal was used to generate the second harmonic (2o) pulse from the fundamental (o) pulse. The time-delay between the o and 2o pulses associated with group velocity dispersion in the o-2o pulse generator and the vacuum chamber window was compensated by two birefringent a-BBO crystals. A pair of fused silica wedges was used for fine-tuning of the relative phase f, which was locked by a feedback loop utilizing the 2o-2o spectral interference. 20 The root mean square of the measured phase distribution was 0.043p (7.81) without stabilization, which was reduced to 0.019p (3.51) with stabilization. The long term (30 min) drift of the mean phase was also reduced from À0.010p (À1.81) to À6 Â 10 À4 p (À0.11). The polarization axis of the o pulse was rotated to be parallel to that of the 2o pulse by a true-zero order dual-wavelength waveplate (l/2 for o, l for 2o). The pulse durations of the o and 2o pulses were measured in the interaction region to be 45 fs and 110 fs, respectively. The relative phase in the interaction region was calibrated by a separate experiment measuring the energy distribution of high-order above threshold The output of a Ti:Sapphire laser amplifier system (800 nm, 1 kHz) was introduced to a b-barium borate (BBO, type I) crystal to generate a second-harmonic pulse (400 nm). The time-delay between the fundamental (o) and the second harmonics (2o) was compensated by birefringent a-BBO crystals. A pair of fused silica wedges was used for fine tuning of the relative phase, which was locked by a feedback loop utilizing the 2oÀ2o interference spectrum. The polarization axis (e) of the o pulse was rotated to be parallel with the 2o pulse by a dual-wavelength waveplate. DWP: dual-wavelength waveplate, CC: concave mirror, PSD: position sensitive detector.
ionization (ATI) peaks associated with the back-scattered electrons from Xe. 30 The relative phase was calibrated so as to have the maximum back-scattered electron energy at f = 0.28p (501). Two laser pulses were collinearly focused on the molecular beam of CO 2 by a concave mirror (f = 75 mm) placed in an ultrahigh vacuum chamber (see Fig. 1(b) ). The fragment ions produced by Coulomb explosion of CO 2 , CO 2 -CO 2 2+ + 2e À -
, in intense laser fields were accelerated by four electrodes in a velocity map configuration and detected by a position sensitive detector (PSD) for coincidence momentum imaging. 31, 32 The three-dimensional momentum vector, p = (p x , p y , p z ), of respective ions was calculated from the position and the arrival time at the detector for each dissociation event. 31, 32 The total kinetic energy release was defined as the sum of the kinetic energy of the fragments, The laser field intensities of the o and 2o laser fields, I o and I 2o , in the interaction region were calibrated separately by using the ponderomotive energy shift of the ATI photoelectron peaks of Xe atoms. The photoelectron images were recorded by the same experimental setup with inverted electrode polarity. In this paper, the total laser field intensity is denoted as I o+2o = I o + I 2o , and the ratio of the o and 2o laser field intensity, a = I 2o /I o , is fixed to 0.11 as used in the previous study for the phase calibration. 30 3 Results and discussion observed along the laser polarization direction as reported in a previous study using B100 fs laser pulses. 35 In addition, a weak isotropic feature was observed in Fig. 2 To evaluate the asymmetry of fragment ions, we defined an asymmetry parameter,
Here Y + (f) and Y -(f) are the yields of the O + fragments from CO 2 2+ with positive (p x 4 0) and negative (p x o 0) momenta along the laser polarization direction. These yields are evaluated from the coincidence events observed in the areas denoted in Fig. 2 , after the detector sensitivity correction (5%). The radial range corresponds to the total kinetic energy E kin between 3 eV and 10 eV. The angular range with respect to the laser polarization direction is set between À451 and 451 to reduce the contributions from the metastable components. Fig. 3 shows the asymmetry parameters recorded as a function of the relative phase f at two different total laser field intensities. At a total field intensity of I o+2o = 5.6 Â 10 14 W cm À2 , the asymmetry parameter A(f) exhibits a clear oscillatory behavior with its maximum and minimum at f C 0 and p, 20 respectively.
On the other hand, at a reduced total field intensity of I o+2o = 0.76 Â 10 14 W cm À2 (I o = 6.9 Â 10 13 W cm À2 and I 2o = 7.3 Â 10 12 W cm À2 ), the oscillation amplitude increases from 0.04 to 0.07. In addition, a positive shift of the phase was observed. These results suggest that different mechanisms are involved in the selective breaking of equivalent bonds of CO 2 depending on the laser field intensity. Laser field intensity dependence of the directional ejection of fragment ions has been discussed with several molecules, D 2 + , 27 DCl + , 28 HOD 38 and toluene 39 in CEP-locked intense laser fields, which show a decrease in the asymmetry with increasing field intensity, as observed in the present study. For an asymmetric molecule DCl + , 28 the decrease in the asymmetry is interpreted in terms of molecular tunneling ionization rates, which become less sensitive to the molecular orientation as the field intensity increases. For a symmetric molecule D 2 + , 27 on the other hand, it is attributed to the increase in the range of the initial phase for the coherent coupling. As the laser field intensity increases, the time range for the recollision excitation to occur within an optical cycle becomes broader, which results in a reduced visibility of quantum interference between g and u states or a decrease in the fragment asymmetry. However, quantum interference may not be the dominant mechanism of the selective bond breaking of CO 2 because many excited states could be involved in the dissociation process. 39 Indeed, unlike D 2 + , 27 the asymmetry parameter shows no clear dependence on the total kinetic energy E kin in the field intensity range investigated in the present study (not shown, see Fig. 4 
(c) in ref. 20).
To clarify the origin of the field intensity dependence, we measured the phase dependence of the asymmetry parameter at various total intensities, I o+2o , ranging from 0.54 Â 10 14 W cm À2 to 5.6 Â 10 14 W cm À2 with the fixed intensity ratio (a = 0.11).
The asymmetry parameters are analyzed at each intensity by a least-squares fitting to a cosine function of f,
where the amplitude A 0 and the relative phase providing the maximum asymmetry f 0 are adopted as fitting parameters. It should be noted that, with f 0 = 0, the O + fragments are preferentially ejected on the larger electric field side of the o-2o two-color laser pulses, while f 0 = p corresponds to the ejection of O + on the smaller electric field side. . These upper and lower bounds of the peak recollision energy scales linearly with the total field intensity I o+2o as long as the field intensity ratio is fixed to a = I 2o /I o = 0.11. Since the ionization potential of CO 2 + is I p (CO 2 + ) = 23.6 eV, non-sequential ionization from the ground state of CO 2 + to CO 2
2+
by electron recollision can occur at a limited phase range at this total field intensity. For I o+2o 4 1. ) ). The intensity gap between these two regimes agrees with the intensity range where the shifts in the asymmetry amplitude, A 0 , and the phase, f 0 , are observed in Fig. 4 . This finding suggests that the recollision process is responsible for the changes in the control mechanism. Now we discuss the mechanisms of the selective C-O bond breaking and the dependence on the laser field intensity. In the high field region (I o+2o 4 1.8 Â 10 14 W cm À2 ), CO 2 2+ is directly populated by electron recollision to undergo the interaction with the laser fields. Sato et al. 25, 26 treated the dynamics of the structural deformation of CO 2 2+ in two-color intense laser fields by using the time-dependent adiabatic state approach, where the electronic Hamiltonian including the interaction with the instantaneous laser electric field is solved by quantum chemical methods. Averaged over optical cycles, the ground-state potential energy surface of CO 2 2+ is deformed asymmetrically along the two C-O stretching coordinates. Since the asymmetric potential deformation is attributed mainly to the non-zero cycle-averaged cubic-electric field hF 3 (t)i of the two-color laser field, the largest asymmetry of the potential energy surface is expected at f = 0 and p when hF , the fragment asymmetry in this intensity range is expected to be larger than the case of direct ionization of CO 2
, as observed experimentally. It should be noted that the recollision excitation to CO 2 + * can occur above the intensity threshold for the nonsequential double ionization. The RESI mechanism would therefore contribute to the weak dependence of the A 0 parameter on the laser field intensity above 1.8 Â 10 14 W cm À2 (see Fig. 4 ).
The RESI mechanism also facilitates interpretation of the positive phase shift (f 0 = +0.1p) observed in this intensity range. As shown in Fig. 5 , the kinetic energy of the recolliding electron is sensitive to the relative phase. The maximum kinetic energy increases as f increases from À0.34p to 0.54p. This indicates that recollision excitation to the excited states of CO 2 + is more efficient for a positive phase than f = 0. The competition between the deformation of the potential energy surfaces favoring a phase f = 0 (or p) and the recollision excitation favoring a positive f should determine the phase that provides the maximum asymmetry. This suggests that the deformation of the potential energy surfaces of the excited states of CO 2 + in two-color intense laser fields plays an important role in the selective bond breaking of CO 2 in the low field region. Alternatively, the asymmetric fragmentation from CO 2 2+ at If laser electric fields directing from OC to O favor the ionization, for example by electron localization [44] [45] [46] in the up-field O site, the fragment produced by subsequent Coulomb explosion should show positive and negative asymmetry parameters at f = 0 and p, respectively, as observed in the present experiments. For a deeper understanding of the control mechanism, experiments at longer wavelength 19 would be useful.
Summary
In the present study, we investigated selective bond breaking of CO 2 ), we proposed recollision excitation followed by the potential deformation of excited CO 2 + , which can explain both the increase of the asymmetry and the phase shift observed in the present study. The mechanisms discussed in the present study are broadly applicable to other systems in intense laser fields with relatively long pulse duration thus providing prospects for intense-field coherent reaction control.
